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In a previous paper * attention was called to some effects of eccen-
tricity of the rotor in induction motors, in particular to the resulting
uneven distribution of voltage in the stator winding, and to the high
saturation of the teeth situated in the field of the narrow part of the
air-gap. Other consequences of rotor eccentricity, which were referred
to, are the magnetic pull exerted on the rotor, the increased iron losses
due to the uneven field distribution, and increased copper losses in the
rotor due to circulating currents.

The research described in the following paper was undertaken with
the object of ascertaining the magnitude of the additional losses in a
motor brought about by a progressive increase in the eccentricity of
the rotor, and of thus obtaining information as to the amount of
eccentricity which may be allowed in practice without serious dis-
advantage.

Nature of Losses due to Rotor Eccentricity.—Briefly, the eccentricity
of the rotor tends to produce an increase in the density of the air-gap
flux where the length of the air-gap is decreased, and a weakening of
the flux where the gap is increased by the displacement of the rotor.
This disturbance of the symmetry of the flux entering the rotor gives
rise to electromotive forces in the rotor winding, which in turn tend to
set up circulating currents of such a character as to neutralise the un-
symmetrical flux and to restore the uniformity of the rotating field.

* C. F. Smith, " Irregularities in the Rotating Field of the Polyphase Induction
Motor." Journal 0/ the Institution of Electrical Engineers, vol. 46, p. 132, 1911.
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The extent to which these circulating currents can be actually formed,
and, in consequence, the extent to which the eccentricity of the rotor
actually produces dissymmetry of the rotating field,, depend upon the
type of rotor winding employed.

With a squirrel-cage or multiple-circuit rotor winding, the circu-
lating currents are developed freely, and to a great extent neutralise
the disturbing influence of inequality of the air-gap. With a series
form of rotor winding, on the other hand, the introduced electromotive
forces due to unevenness of the air-gap largely balance one another in
the winding, and little compensating action can result.
: It thus appears that there will be two kinds of loss arising from

eccentricity of the rotor, viz. : (i) Iron losses due to local concentra-
tion of flux in the teeth and cores of the stator and rotor where the air-
gap is small; and (2) copper losses produced by the circulating rotor
currents. A third source of loss may arise from friction caused by the
additional pressure on the bearings, if the eccentricity is sufficient to
produce considerable magnetic pull on the rotor core.

Outline of Experiments.—The experiments were carried out on a
3-phase induction motor which had been provided with end-plates
capable of vertical adjustment, so that the eccentricity of the rotor
could be varied. •

For determining the possible range of iron losses, the induction
motor was first coupled to a continuous-current motor. The rotor was
open-circuited, and the stator supplied with alternating current. The
machines were then driven at various speeds -with the rotor eccen-
tricity adjusted to a number of differing values. The effect of the
change in eccentricity upon the iron losses under these conditions was
deduced from observations of the power taken by the driving motor.

The distribution of flux round the air-gap with various eccentricities
was next examined with the rotor stationary.

Subsequently, observations were made with two types of closed
winding on the rotor. The running losses and the stationary flux dis-
tribution were taken for each type. Oscillograms were taken on search
coils situated on the rotor to illustrate further the distribution of the
flux round the air-gap with varying displacements of the rotor. In
the following summary the sequence of the observations has been
slightly varied.

Description of Motor Employed.—The motor used in the experiments
was a 4-pole, 3-phase motor made by the Oerlikon Company, and
originally rated to give 3 H.P. at 200 volts on a 50-cycle circuit. In
the motor as originally made, the rotor "slots were closed ; but, in order
to allow of a wider range of movement of the rotor, the rotor winding
was removed and the core turned down, so that the actual shape of the
slots during the experiments was as shown in Fig. 1. The new air-gap
length was 0*063 in. with the rotor central. The stator had 48 slots
wound with 8 wires per slot. The rotor was rewound with No. 11
S.W.G. double-cotton-covered wire, 4 wires per slot in 36 slots. The
ends of this winding were at first left open, and were subsequently
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soldered together, so as to form a closed winding. The winding was
closed successively in two different ways, so as to form respectively a
single- and a multiple-circuit type of winding. The rotor was not pro-
vided with slip-rings.

Alteration of the eccentricity of the rotor was carried out by
swivelling each end-plate about one of the bolts (carefully fitted for
this purpose) passing through its flange. The holes of the other flange
bolts were enlarged to allow of the necessary movement. A micrometer
gauge fixed on each flange of the stator was used to indicate the vertical
movement of a plane surface which had been filed at the top of the
flange of each end-plate. The bolts which acted as the pivots, about
which the rotor was swung through a small angle, were in the same
horizontal plane as the centre of the rotor shaft. A calculation showed
that the vertical movement registered by the gauges could be safely
taken to represent the actual displacement of the rotor from its central
position. By means of the micrometer, displacements could be
measured to one two-thousandth of an inch.

FIG. I.—Slots of Rotor (Actual Size).

Flux Distribution with Rotor Winding Open.—The distribution of the
flux round the air-gap was first measured with the rotor stationary.
This was done with the rotor lowered by varying amounts from its
central position.

For this purpose, a search coil was wound in two of the rotor slots
having a pitch equal to one-quarter of the rotor circumference, i.e., one
pole-pitch. Voltage was supplied to the stator winding, and the voltage
induced in the search coil was observed, as the rotor was rotated into a
series of positions. For purposes of comparison with subsequent
observations, the stator voltage was maintained at only 30 volts. It
was found, however, that when the stator voltage was raised to five
times this value, the ratio of the search coil voltages to the stator voltage
was practically unaltered.

The search coil voltages observed with the rotor in each of twenty-
four successive positions are plotted in Fig. 2. The five curves give the
observations for four values of the eccentricity and for the central posi-
tion of the rotor. The ordinatesof the curves may be taken to represent
the values of the flux which passed through an arc of the air-gap equal
in length to one pole-pitch. The numerals marked along the hori-
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zpntal axis represent the positions of the coil relatively to the stator,
position 4 being that corresponding to the narrowest gap, and
position 10 to the widest gap.

It is of interest to notice how nearly the variation of the flux indi-
cated by the amplitude of the curves shown in Fig. 2 corresponds to
changes in the mean length of the air-gap, due to displacement of the
rotor.

It can be shown geometrically* that the average length of the

3 4 5 6
R.^tor Position.

IO 11

FIG. 2.—Flux Distribution for various Displacements of Rotor.

Rotor stationary and open-circuited.
Figures on curves show amount of displacement.

Applied voltage = 30.
Normal air-gap = 0063 in.

maximum and minimum air-gaps subtending one pole-pitch of a 4-pole
motor have values given approximately by the expression—

(0
where—

x is the average length of the air-gap taken over one pole-pitch at
the top or bottom of the motor ;

g is the original gap with central rotor ;
a is the displacement of the rotor from its central position.

By inserting the positive sign in the formula, we obtain the value of
the average air-gap corresponding to the lowest points on the curves ;
by using the negative sign, the values correspond to the upper points.

If the reluctance of the path followed by the magnetic lines were
proportional to the length of the air-gap, the maximum and minimum

* See Appendix.
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values of the curves in Fig. 2 should agree nearly with the following
expression derived from the equation just given :—

where—

v is the voltage observed with the rotor central ( = io-2 volts);
vm represents the maximum or minimum values with eccentric

rotor.

Owing to the reluctance of other parts of the magnetic circuit,
especially that due to the slots which lengthen the path followed by the
flux across the air-gap and produce saturation of the teeth, the value of
g in the equation (2) must be increased.

The observed maximum and minimum values agree fairly well with
those of the formula, if the air-gap length, g, is taken about 30 per cent,
greater than its actual value, in order to allow for the increase in reluct-
ance due to the -slots, etc. A still closer agreement between the
calculated and observed values can be secured by making this correction
different for the upper and lower points, where the degrees of saturation
are respectively above and below the average. It should be remembered
that the teeth of the motor experimented on were somewhat abnormal
owing to their having been turned down below their original dimen-
sions, and that the correction would otherwise not have been so large.

Flux Distribution with Rotor Winding Closed.—Similar observations to
the last were taken with a closed winding on the rotor, in order to show
the modifications produced in the field by the currents set up in a short-
circuited rotor winding. The rotor was stationary in this case also.
• The rotor winding consisted of No. 11 S.W.G. double-cotton-covcred
wire, 4 wires per slot, wound to give 6 coils, 2 per phase, with 12 turns
per coil.

Tests were made with the rotor winding short-circuited in two
different ways : (a) each phase-winding (consisting of two coils having
a common axis, but situated on opposite sides of the rotor) was closed
on itself to form a single circuit; (b) each coil was closed on itself, so
that the rotor winding consisted of six separately short-circuited coils.

With the first type of winding, a coil situated in the narrowest part
of the air-gap would always be in series with a coil situated in the
widest air-gap. With the second arrangement of connections, the
current in any coil would be the result of the voltage induced in that
coil alone.

The connection (a) was intended to represent the single-circuit-per-
phase type of winding usually adopted with wound rotors. Connection
(b) represented the multiple-circuit connections usually found in rotors
which are not provided with slip-rings, including squirrel-cage rotors.

The results obtained with winding (a) are shown in Fig. 3, and those
with winding (b) iti*Fig. 4.

With a short-circuited winding on the rotor, large variations in the
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search-coil voltages were produced by small changes in the relative
positions of the stator and rotor teeth, giving a " saw-tooth " appearance
to the curves. These effects are clearly seen in Figs. 3 and 4, where
maximum and minimum values are shown as occurring alternately at
24 points in the rotor circumference. A mean curve has been drawn
between the observed values to represent the approximate variations of
the total polar flux arising from the rotor eccentricity. With the rotor
winding open (see Fig. 2) the rapid fluctuations just referred to were
only slight, showing that the "cogging" effect is due to the concentra-
tion of the currents in the slots rather than to variations in reluctance
arising from the relative positions of the teeth of the stator and rotor
cores. This bears out the conclusions already drawn in the paper
cited at the beginning of the present communication as to the
slight effect on the polar flux of variations of air-gap reluctance due
to this cause.

On comparing the curves obtained without current in the rotor
(Fig. 2) with those taken under similar conditions and at the same applied
voltage, but with a short-circuited winding of type (a), it is seen that,
while the actual flux in the air-gap is considerably reduced by the loss
of voltage resulting from the flow of current through the impedance of
the windings, the ratio of maximum to minimum voltage in the search
coil is practically the same as when the rotor winding was open.

This indicates that with the single-circuit winding the rotor currents
have no appreciable effect in diminishing the inequality of the air-gap
flux, which results from an eccentric position of the rotor; they exert no
sensible " compensating " action.

Fig. 4 shows the flux variation round the stator with connections of
type (b) on the rotor, i.e., each coil separately short-circuited. A glance
at the mean curve shows that the rotor currents have an almost com-
plete compensating action in this case, and that they maintain a
practically uniform flux distribution in the air-gap, which is conse-
quently almost unaffected by the eccentricity of the rotor.

In order that this compensation may be effected, the rotor winding
must carry bands of current flowing round a vertical axis in such a
manner as to reinforce the main field where the air-gap is greatest, and
to weaken it where the air-gap is least.

An attempt was made to measure this additional magnetising current
by inserting an ammeter in series with one of the rotor coils. The
resistance of the ammeter and of the necessary flexible leads disturbed
the distribution of the currents in the rotor windings too much to allow
of any useful quantitative measurements being made. It was, however,
clearly shown that a variation in the rotor current of the expected kind
did occur when the rotor coils were short-circuited, and that with series-
connected coils, the current distribution in the rotor was practically
uniform and independent of inequality of the air-gap. A theoretical
estimate of the value of the balancing currents induced in the rotor
winding by eccentricity is given later.

Iron Losses with Rotor Winding Open.—The effect which the existence
VOL. 48. 36
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of a non-uniform field in the air-gap has upon the iron losses of the
motor was determined experimentally by driving the open-circuited
rotor by a continuous-current motor. The increase in the driving
power taken by the continuous-current motor on switching on the
alternating-current supply to the stator of the induction motor was
observed and plotted for various speeds of the machines. The observa-
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tions were repeated for several values of the rotor eccentricity. In
Fig. 5 are given some curves showing the results obtained in this way
when an alternating voltage of 250 was applied to the stator.

If the motor were working under normal conditions, the losses
which are here plotted would appear in the motor as an increase in the
load to be overcome at the expense of a part of the power given electri-
cally to the rotor. These losses consist practically of the rotor iron
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losses due to eddies, hysteresis, and flux pulsations. It is these losses
which are mainly affected by the eccentricity of the rotor.

The power supplied to the stator of the motor during the test was
found to be practically independent of rotor eccentricity except when
this reached extreme values, in which case the stator watts showed an
increase of from 8 to 10 per cent. The power taken by the stator was
about 830 watts for the readings at moderate eccentricities for speeds
below synchronism.

An examination of the curves shown in Fig. 5 shows that at low
speeds the power taken by the continuous-current motor was less with
the stator of the induction motor excited than when the continuous-,
current motor was overcoming friction alone. This shows that the
rotating field exerted an appreciable driving torque on the rotor. At
synchronism this torque was reversed in direction, as shown by the
sudden rise in the curve at this speed.

The same results are plotted for a constant speed as a function of
the rotor eccentricity in Fig. 6. The three upper curves are for speeds
above synchronism, which accounts for the gap between them and the
lower ones on the same page.

The general conclusion to be drawn from the curves in Figs. 5 and
6 is that with moderate speeds of revolution and moderate values of
the rotor displacement there will be no serious increase in the iron
losses on account of eccentricity. In the case of the motor experi-
mented upon, when run with the rotor winding open at normal speed
and with the stator supplied at normal voltage, a displacement of the
rotor amounting to 70 per cent, of the original air-gap produced an
increased loss of slightly more than 25 per cent, of the total original
iron losses.

Total No-load Losses of Motor.—Tests were made of the power taken
by the motor when running alone unloaded and with short-circuited
rotor at various eccentricities. Watts, amperes, and power factor were
measured at the stator terminals for a series of values of the applied
voltage and with four different values of the rotor eccentricity. These
observations, like the last, were taken with the rotor winding connected
successively in two different ways.

(a) Each phase of the rotor (consisting of two coils) was short-
circuited on itself. The results are shown in .Fig. 7. With
these connections it was found to be impossible to run the
motor at full voltage with the maximum eccentricity of
0*06 in. used in most of the tests, as the unbalanced magnetic
pull was sufficient to produce rubbing between the rotor and
stator cores, and the current taken by the motor was so
high as to make the windings smoke. Consequently, a
maximum eccentricity of C55 in. was employed with this
arrangement of the winding.

(b) Each coil of the rotor winding was short-circuited on itself.
The observations are plotted in Fig. 8.
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For purposes of easy comparison the no-load losses, current, and
power-factor of the motor, when running with each of the two types of
winding, are plotted in Fig. 9 on a base of rotor eccentricity. The
losses with the multiple-circuit winding (b) are seen to be smaller
throughout than with the single-circuit winding (a), the difference
becoming specially marked at high eccentricities. This superiority of
the multiple winding must be ascribed to the greater power which it
possesses for adapting itself to the local irregularities of the flux in the
air-gap. The lower current and higher power factor of the motor with
single-circuit winding are explained in the next paragraph.

In Fig. 10 are plotted the total no-load losses with normal voltage
on the stator with the two types of winding and with open winding.
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In the last case the losses were derived from the input to the con-
tinuous-current motor used for driving.

Variation of Stator Magnetising Current with Rotor Eccentricity.—The
type of winding adopted for the rotor affects the value of the magnetis-
ing current taken by the stator winding when the rotor is not central
(see Fig. 9).

With the type of winding in which each coil was separately short-
circuited, the magnetising current was found to be practically unaffected
by the rotor eccentricity. This is in accordance with the observations
showing that the field is almost independent of the displacement of the
rotor with this type of winding.

With the second type of winding, in which two coils of the rotor
were connected in series, the magnetising current was found to be
reduced by an increase in the eccentricity of the rotor. Thus, at the
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normal working voltage of 200, the magnetising current fell from 14/4 to
127 amperes, or about 12 per cent., as the rotor was lowered from its
central position by 0*055 m-

The effect here mentioned makes the power factor of a motor with
an eccentric rotor appear to be higher than when the rotor is properly
centred.

A rough calculation will serve to show that the change of excitation
with eccentricity is to be looked for on theoretical grounds.

Let—

F = flux per pole crossing the air-gap when the rotor is
central;

g = normal length of air-gap ;
a = displacement of the rotor from its central position ;

k F g = magnetising current required per pole by the 4-pole motor
with central rotor.

When the rotor is eccentric, let the mean air-gap opposite to a pole

I,3OOr

O-OI" 0-03" 004/'
Robor Displacement.

o-o5" 0 0 6

FIG. 10.—Curves of Total Losses at No Load.
Voltage = 200.

Upper curve : Single-circuit-per-phase winding.
Middle curve : Winding open-circuited.
Lowest curve : Multiple-circuit winding.

at the top of the motor become g + y, and the corresponding air-gap
at the bottom g—y, where y has the value 0*9 a in the case of a
4-pole motor (see Appendix).

We may now suppose that the flux 2 F, which will enter the central
rotor in equal portions at each North pole, will enter the eccentric

rotor at the top and bottom in unequal proportions, a flux i - y

entering at the top of the rotor, and a flux

bottom.

g + y F entering at the
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The magnetising current required for the first part of the flux
will be—

while that required for the second part will be—

The value of the total magnetising current taken by the motor for
both top and bottom poles will consequently undergo a change from—

2kFg
when the rotor is central to—

when the rotor is eccentric.
The decrease in magnetising current is therefore proportional to

the square of the rotor displacement, and increases rapidly for high
values of the latter.

Magnetic Pull on Eccentric Rotor.—The value of the magnetic pull
which is produced by eccentricity of the rotor and which tends to
deflect the shaft, has been calculated by Rey * and by Sumec. The
formula for the pull as obtained by Sumec is as follows :—

in which the symbols have the following signification :—

P = pull on rotor due to magnetic attraction, in absolute units ;
B = mean effective induction in air-gap with concentric rotor ;
S = circumferential surface of rotor (square centimetres).
g = length of single air-gap with concentric rotor ;
a = displacement of rotor from its central position, so that g — a is

the smallest air-gap, and g + a the largest gap.

For small eccentricities it is often sufficiently accurate to employ
the simple approximate formula—

p ^ - . s -

which indicates an increase in the pull on the rotor which is pro-

portional to the eccentricity - .

• * Rey, Eclairage Electrique, vol 38,. p. 281, and vol. 4r, p. 257, 1904 ; Sumec,
Zeitschrift f. Electroiechnik, vol. 22, p. 727, 1904.
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Sumec's formula differs from the simpler'form by the introduction
of the factor—

i

which increases in value rapidly with increasing eccentricity. This

factor has a value of 1*54 for an eccentricity such t h a t - = 0-5. Sumec

points out that the pull on the rotor is shown by his formula to increase
to high values when the displacement is sufficient to reduce the air-gap
to a small value on one* side of the rotor.

Applying the formula to an actual motor, of 25-H.P., 3-phase, 2-pole,
25 cycles, 1,460 revs, per minute, the pull was found to be for—

- = o-i, pull 620 kg.

| = °'S. » 3,050 „

The constants in this case were—

B = 4,440, S = 7,750, g = 2 mm.

It is to be noticed that neither Sumec nor Rey have taken into
account any compensating action of the circulating currents induced in
the rotor by the unbalanced field. It would appear from the results
already given that this omission is fully justified in the case of motors
having wound rotors of the usual single-circuit type. With a squirrel-
cage or multiple-circuit rotor winding the eccentric pull would be
negligibly small.

Value of Rotor Currents set up by Eccentricity.—If the rotor of a
motor, in which no compensation takes place, is eccentric, the rotating
field will not be constant, but will vary in strength throughout each
revolution, attaining a maximum value as its axis passes the minimum
air-gap. It follows that the wave-form of the voltages induced in the
rotor winding will be modified in shape. Upon the main wave of rotor
voltage, which has a frequency equal to the slip of the motor, there
will be superposed oscillations having a frequency equal to the speed
of revolution, and an amplitude depending on the amount of the
eccentricity. If the type of rotor winding is such as to allow the
superposed voltages to set up corresponding currents in the short-
circuited winding, the virtual value of the rotor current will be altered
as a result of the eccentricity, and, at the same time, the flux varia-
tions will be partly neutralised.

The superposed current oscillations which the eccentricity intro-
duces into the rotor of a motor provided with a multiple-circuit
winding may be regarded from the following point of view :—

We may imagine the axis along which the rotor is displaced to be
the axis of an alternating field which is superposed upon the ordinary
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rotating field which exists when the rotor is central. This superposed
alternating field has the frequency, /, of the supply, and is cut by the
conductors of the rotor with the frequency of rotation, n. The super-
posed field forms two unlike poles at opposite points of the air-gap, so
that the speed of synchronism of the rotor relative to this field is
/ revolutions per second, or more than twice the actual working
speed in the case of a 4-pole motor. Thus, except in the instance of
a 2-pole motor, the slip of the motor in relation to the superposed field
is always very high, and the torque resulting from this field is very
small in proportion to that due to an equal flux forming part of the
main rotating field.

The limiting value of the currents thus formed may be estimated in
the following way :—

Let the normal stator magnetising current per pole and phase with
uniform air-gap, g, be co /, ampere-turns. In a 3-phase motor the ampere-
turns acting along any axis of the stator would have a virtual value

Taking as an example the case of a 4-pole motor, a displacement, a}
of the rotor will increase the reluctance of the mean air-gap of a poleon

one side of the motor in the ratio —, and will decrease it on the

opposite side to — of its former value (see Appendix).

If we suppose that the additional balancing currents in the rotor rise
to a value which is just sufficient to maintain the rotating flux at
its original constant strength, they must produce a total additional
magnetisation along the axis of displacement equivalent to twice
P'9 a 3 O'Q a 1 —
'—^ ~F co U, that is, to —-— J2 . 3 c0 /, ampere-turns.
. * V2 g

Since this effect is due to all of the rotor coils acting in rotation, the

limiting value of the extra rotor current will be — . -j- of the value of the

Stator current required to produce the same effect, where p is the

number of poles of the motor, -7-is the ratio of stator to rotor
turns, and the rotor has three phases.

Hence we may write as the limiting value of the superposed rotor,
currents—

Ji o'O a /, 0*32 a /,
C e = = p g c°T2=g fo ^- amperes,

in the case of a 4-pole motor.
The currents thus induced will not have the same frequency as those

due to the main multipolar field of the motor, since they are formed by
the action of a 2-pole field. It follows that the virtual current in the rotor
conductors is only increased by the amount Jc\ + c^ — c* amperes,
where c2 is the rotor current without eccentricity.
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. It follows that the additional copper losses in the rotor arising from
eccentricity cannot increase the total rotor copper losses in a greater
ratio than—

c\ +

It is evident that this cannot represent a serious increase in the
normal rotor copper losses under load, unless the rotor displacement
reaches a value which makes the air-gap dangerously small.

In a paper * suggesting the subdivision of the end-rings of a squirrel-
cage motor, Osnos states that large and injurious compensating currents
may arise in the rotor due to its eccentricity, but he does not give any
calculation of the value which they may reach.

Oscillograph Records of Rotor Voltage.—By the use of special tem-
porary slip-rings fixed on the motor, it was made possible to trace the
wave-form of the voltages induced in search coils which were wound in
the slots of the rotor.

In the oscillograph curves obtained in this way there are three main
types of variations to be distinguished :—

1. Voltage variation due to the passage of the search coil across the
flux forming the main rotating field, having a periodicity equal
to the slip of the motor.

2. Pulsations of voltage of high frequency arising from the irregu-
larities in the flux set up by the teeth.

3. Variations of voltage caused by the inequality of the air-gap
when the rotor of the motor is eccentric. The frequency of
this voltage is that of the speed of rotation of the rotor, while
its amplitude is dependent on the displacement given to the
rotor.

These three types of variation are easily distinguishable in most of
the curves which are reproduced. For example, in Fig. 19 there is
shown rather more than one complete cycle of voltage variation due to
slip, which includes 18 cycles of variation due to rotor eccentricity and
indications of a large number of higher-frequency pulsations due to the
teeth.

In Figs. 11 to 14 are shown the curves obtained by connecting the
oscillograph to a search coil wound round a single tooth of the rotor
core. Normal voltage was applied to the stator, and the motor ran with-
out load, with the rotor winding short-circuited to give one circuit per
phase. The slip of the motor was very small (less than 1 per cent.).
The record was taken in each case at the time when a hot-wire
voltmeter connected to the search coil indicated that the voltage due
to slip was passing through its maximum value. This voltage remained
constant for practical purposes during.the brief period required for
taking the record. The search coil was thus travelling almost synchro-

* Zeitschrift f. Elektrotechnik (Wien), vol 20, p. 389, 1902.
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FIG. I I .

Rotor central.
Motor unloaded.

Virtual volts = 2-4.
Search coil on one tooth.

F I G . 12.

Rotor displaced = 0x13 in.
Motor unloaded.

Virtual volts = 2-64.
Search coil on one tooth.

FIG. 13.

Rotor displaced = 004 in.
Motor unloaded.

Virtual volts = 4"2.
Search coil on one tooth.

FIG. 14.
Rotor displacement = 0x355 in.
Motor unloaded.

Virtual volts = 5-0.
Search coil on one tooth.
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nously with the main field, and was situated in its densest part at the
time of the observation. These curves exhibit no variation due to slip ;
the principal wave in the curve 12 is due to eccentricity.

In Fig. I I the rotor was central, and the oscillations indicated on the
curve arc due to tooth pulsations. These oscillations are seen to corre-
spond closely with those of the curves drawn in Fig. 3 from obser-

Rotor slightly displaced.
Motor unloaded.

FIG. 15.
Virtual volts = 13.
Search coil embracing one pole-pitch.

vations made on the stationary motor. In taking Figs. 12 to 14
the rotor was adjusted eccentrically. The increasing amplitude of the
flux variation produced by the greater eccentricity of the rotor is clearly
shown, also the greatly increased amplitude of the tooth pulsations
at the point of minimum air-gap. The flux in the dense field is highly
concentrated in the teeth, and leaps from-tooth to tooth with great
suddenness.

Rotor displaced = 0̂ 03 in.
Motor unloaded.

FIG. 16.
Virtual volts = 2-i.
Search coil embracing one pole-pitch.

The scales of the various curves are not identical, but the virtual
voltage represented by each is given below it.

In Figs. 15 to 17 are shown curves taken under exactly the same con-
ditions of working, but with a different search coil. The search coil
used in this case was wound so as to embrace one-quarter of the rotor
circumference (one pole-pitch), so that the records indicate variations of
the flux per pole.

In all of these curves the principal wave, due to eccentricity, has
a frequency equal to the number of revolutions per second of the motor.
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Figs. 18 and 19 show curves taken with the object of illustrating the
wave-form of the voltage induced in the rotor winding under working

FIG. 1.7.

Rotor displaced = 0-055 'n- Virtual volts = 78.
Motor unloaded. Search coil embracing one pole-pitch.

conditions. The search coil used for these curves was wound in
the same slots as one complete coil of the rotor (3 slots per side).

FIG. 18.
Rotor central. Virtual volts = 075
Motor loaded. Search coil in same slots as rotor winding.

The motor was heavily loaded so as to increase the slip. The two
curves represent the voltages in the rotor with ho eccentricity and with

Rotor displaced = o-oi8 in.
Motor loaded.

F I G . 19.

Virtual volts = 075.
Search coil in same slots as rotor winding.

a small displacement of the rotor, such as might be found in a very large
proportion of the motors in actual service. The horizontal scale of
Figs. 18 and 19 is very much smaller than that of the previous curves.
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Oscillograms taken on the rotating motor with open-circuited rotor
winding were practically identical with those already given, except for
a slight difference in the amplitude of the tooth pulsations.

Summary and Conclusions.—A displacement of the rotor of an
induction motor from its central position results in a change of the
flux density along the axis of displacement, which is approximately
proportional to the change in the magnetic permeance of the air-gap,
when the rotor is open-circuited. A closed rotor winding having a
single circuit per phase hardly alters this distribution of flux at all.
A multiple-circuit winding on the rotor becomes the seat of balancing
currents which are sufficient to maintain an almost uniform mean flux
round the air-gap, irrespective of rotor displacement. The balancing
currents are strictly limited in value, and are not great enough to
produce any serious increase in the rotor copper losses with moderate
displacements of the rotor. The asymmetry of the field due to rotor
eccentricity, when not compensated by rotor currents, gives rise to an
additional iron loss, which increases uniformly with small eccentricities.
With larger eccentricities these losses increase rapidly. Increased
eccentricity is also attended by less favourable starting of the motor,
and by a diminished magnetising current.0 The unbalanced magnetic
pull on the eccentric rotor increases, at first slowly, but afterwards at
a higher rate, with increase of eccentricity. With a multiple*circuit
rotor winding no appreciable iron loss or unbalanced magnetic pull is
produced even by extreme values of the eccentricity. The total effect
of rotor eccentricity on the losses of the motor was found to be very
small for all displacements, when the multiple-circuit type of winding
was used ;m with the single-circuit-per-phase winding, the increase in
losses was more marked, but did not become important for eccen-
tricities less than 20 or 25 per cent, of the length of the original
air-gap.

The authors desire to make acknowledgment to the Committee
and Principal of the Municipal School of Technology, Manchester, for
the facilities afforded them for carrying out the experiments described
in this paper.

APPENDIX.

Value of Mean Length of Polar Air-gap.—It is desired to find the
mean length of air-gap at the top and bottom of a motor in which the
rotor has sunk from its central position.

In order to make the calculation directly applicable to the motor
used in the experiments, it will be convenient to consider a 4-pole
motor, and to find the mean air-gap subtended by one pole-pitch (£ of
the rotor circumference) at the top and bottom of the motor.
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Let—

R = radius of stator bore ;
/• = outside radius of rotor ;
a = distance through which rotor has sunk ;
x = length of air-gap, as measured from centre of stator, along

a radius making an angle 0 with the vertical axis.

It follows geometrically that—

r- = (R — x)2 + a ! - 2 a ( R - -t) cos 0

= R2 — 2 R* + -v2 + a2 - 2 a (R - x) cos 0

or neglecting .v2, a2 and 2 a x cos 0in comparison with other teims,

r2 = R2 — 2 Rx — 2 « R . cos 0
whence—

R2 — r2 — 2flR cos 0v =: n r
Mean value of * over one quadrant—

a cos 9] d9

4

R 2 — r 2 2 a . I T
rr 2 Sill -

2 R 7T 4

R2 — r* 2 ^ 2 a

Writing R—r = g, the length of the original air-gap, the mean
value obtained above becomes by a further approximation—

g — o-ga.

It is evident that, in the case of a motor with a greater number of
poles, the mean value of the air-gap for the arc subtended by one pole-
pitch would approximate still more nearly to the value g — a at the
part of smallest air-gap.
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